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ABSTRACT 

The effects of shear stress on polymorphonuclear 

leukocytes (PMNs) were investigated to ascertain whether 

mechanical trauma induces lysosomal granule release or 

membrane lysis. In addition, the effects of antiplatelet 

agents on PMN leukocyte response to shear stress were 

studied. The antiplatelet agents, known to elevate intra¬ 

cellular and cyclic adenosine monophosphate (cAMP), includ¬ 

ed the following: prostaglandin Ej (PGEi), prostaglandin 

I2 (PGI2), theophylline, RA-8 (dipyridamole), and the 

dipyridamole analog, RA-233. 

PMN leukocyte suspensions were exposed to shear 

stresses of 100 or 300 dynes/cm2 at room temperature (23°C) 

for 10 minutes. Leukocyte responses were monitored by the 

following measurements. The electronic particle count was 

measured to indicate shear-induced aggregation and lysis. 

8-Glucuronidase in the extracellular fluid was assayed to 



indicate azurophilic granule release. Finally, lactic de¬ 

hydrogenase release was measured to indicate cell lysis due 

to PMN exposure to shear stress. 

Results of the shear-induced effects on PMNs with¬ 

out drug treatment show that cell loss, granule release, 

and cell lysis increase with increasing shear stress. Fur- 

thermoré, PMNs exposed to a shear stress of 100 dynes/cm2 

release approximately equal percentages of 3-glucuronidase 

and lactic dehydrogenase. Percent cell loss approximates 

enzyme release indicating cell disruption at this shear 

stress. At a shear stress of 300 dynes/cm2, 3-glucuroni¬ 

dase release is greater than LDH release indicating that 

the PMNs are expelling granules into the extracellular 

fluid at this higher shear stress without concomitant cyto¬ 

plasmic enzyme release. 

Pretreatment of PMNs with PGEi plus RA-233 or PGEi 

plus theophylline produces an approximately 25% reduction 

of cell loss and release of 3-glucuronidase and LDH release 

after exposure to a shear stress of 300 dynes/cm2. No 

significant effects of PGEi plus RA-233 are observed at 

100 dynes/cm2. 

Pretreatment of PMNs with PGI2 plus RA-233 produces 

no reduction of PMN response to mechanical stimuli. 

PMNs incubated with dipyridamole and exposed to a 

shear stress of 300 dynes/cm2 show a significant reduction 



in cell loss, granule release, and lysis. The suppressive 

effect of dipyridamole appears to be additive with the ef¬ 

fect of PGEi. Leukocytes pretreated with PGEi plus dipyri¬ 

damole and exposed to shear stresses of 300 dynes/cm2 show 

a greater decrease of cell loss and enzyme release than 

pretreatment with dipyridamole alone or PGEi plus a phos¬ 

phodiesterase inhibitor. 
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I. INTRODUCTION 

A. Research Goals 

Blood is both a fluid and a tissue. As a fluid it 

may be removed from the organism during extracorporeal cir 

culation for a variety of purposes such as oxygenation, 

dialysis, and transfusion. As a tissue it is composed of 

cellular components suspended in a low viscosity fluid or 

plasma. When this tissue is removed from its natural 

intravascular environment short-term and long-term degen¬ 

erative changes occur. 

Leukocyte alterations during and after extracorpo¬ 

real circulation have been examined clinically. Short¬ 

term perfusion results in thrombocytopenia and leukopenia; 

however, longer perfusion times show the appearance of 

leukocytosis, leveling of thrombocyte elements, and appear 

ance of immature red cells (57). Leukocyte morphological 

aberrations (58), alterations in total and differential 

leukocyte populations (58, 59), intravascular and extravas- 

cular accumulation and disruption of granulocytes (60, 61) 

have also been observed following extracorporeal circula¬ 

tion. Specifically, extravascular accumulation and dis¬ 

ruption of leukocytes implicate PMN leukocytes and/or 

1 
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platelet-leukocyte interactions with post-perfusion pul¬ 

monary reaction termed "perfusion lung" (60-62). Granulo¬ 

cyte alterations might include reduced deformability, 

labilization of lysosomes, and increased adhesiveness (54). 

Adherent leukocytes could form microaggregates or could 

interact with aggregates of traumatized platelets to form 

microemboli. 

Platelet response to mechanical trauma has been 

extensively studied (50, 63-66) using the high shear rate 

viscometer. These studies indicated that shear stresses 

of the order of those associated with extracorporeal per¬ 

fusion were sufficient to induce platelet aggregation, to 

stimulate the release of platelet granules, to increase 

platelet lysis, and to impair platelet function (67). In 

addition Hardwick et al. (67) incubated platelet-rich 

plasma with 1 /JM theophylline before the shear and observed 

the following. Incubation of the platelets with PGEj- 

theophylline showed a reduction of shear-induced aggrega¬ 

tion from 0 to 300 dynes/cm2, a marked reduction of ADP- 

and collagen-stimulated aggregation, and significant in¬ 

creases in shear-induced serotonin release and cell lysis. 

Although Dewitz (52-55) and Stockwell (68) observed 

shear-induced release of lysosomal enzymes, neither inves- 

tigated release of a cytoplasmic component indicative of 

membrane lysis and leukocyte destruction by the viscometer. 
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Effects of dipyridamole (55) and PGEi + RA-233 (56, 68) on 

traumatized PMN leukocytes were also studied with regard 

to release of apparent granule components, 8-glucuronidase 

and alkaline phosphatase. 

The objective of this study was to investigate ef¬ 

fects of antiplatelet agents on PMN leukocyte response to 

mechanical trauma. In addition to observing shear-induced 

effects by monitoring electronic cell counts and 8- 

glucuronidase, leukocyte damage was assessed by assaying 

lactic dehydrogenase. Thus,PMNs undergoing pretreatment 

with drugs and/or shear stress could be characterized as 

to specific degranulation versus nonspecific cellular 

lysis. 

B. Historical Background 

1. Polymorphonuclear Leukocytes: Structure 

and Function 

The white blood cells, or leukocytes, act as the 

mobile defense system in the bloodstream (1). The circu¬ 

lation of a normal adult human contains approximately 6000 

white blood cells per of blood with individual cell 

volumes of approximately 350 jim3. For comparison, there 

are approximately 5,000,000 red blood cells and 300,000 

platelets per II£ of blood with individual cell volumes of 
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90 /un3 and 7.5 /an3, respectively. The normal percentages 

of the leukocytes are the following (1): 

Polymorphonuclear neutropnils 62.0% 

Polymorphonuclear eosinophils 2.3% 

Polymorphonuclear basophils 0.4% 

Monocytes 5.3% 

Lymphocytes 30.0% 

The polymorphonuclear leukocyte (PNM) is approxi¬ 

mately 8-9 am in diameter. It is characterized by a seg¬ 

mented nucleus, frequently 3 lobes which are connected by 

chromatin strands (3,4). These cells along with the 

macrophages are the major sources of enzymes that are 

released in the course of inflammatory processes (5). 

PMNs undergo a maturation period in the bone marrow 

before their release into the circulation. During this 

maturation, they acquire two major sets of storage gran¬ 

ules. In the early stages of maturation, the large 

(0.4 /im in diameter) and dense azurophilic or primary 

granules are formed, while later stages give rise to the 

smaller (0.3 //m in diameter) and less dense specific or 

secondary granules (6). 

Azurophilic granules are well equipped for both 

killing and digestion of microorganisms; they not only 

contain lysosomal hydrolases such as 3-glucuronidase and 
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a-mannosidase but also neutral proteinases such as elas- 

tase and microbicidal enzymes such as myeloperoxidase and 

lysozyme (5-12). On the other hand, specific granules 

are not well characterized. They apparently lack lyso¬ 

somal hydrolases but contain lysozyme, lactoferrin, and 

collagenase. Studies using rabbit PMN leukocytes demon¬ 

strate that alkaline phosphatase is contained in the 

specific granules (7, 8); however, Baggiolini, Spitznagël, 

and others report the lack of alkaline phosphatase in 

specific granules in human PMN leukocytes (5, 10-12) but 

rather show the enzyme is associated with various membrane 

compartments within the cell. 

In addition to the two major granule populations, 

minor granules have also been reported. Iverson and 

De Châtelet (13, 14) have observed a granule containing 

NADH and NADPH oxidase activities. 

It has been shown that during phagocytosis, these 

granules rapidly fuse with phagocytic vacuoles where they 

release their contents, thereby inactivating or degrading 

ingested microorganisms (6, 15, 16). These actions occur 

intracellularly with the phagocytic vacuoles. However, 

during inflammation, extracellular release of granule 

contents can occur (17, 18). 
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2. Summary of the Antiplatelet Agents Used 

in this Study 

The use of pharmacological agents in the treatment 

of disease necessitates investigation of their possible 

side effects on other systems in the organism. Specifi¬ 

cally with respect to the circulatory system, drugs or 

agents that affect one cell type may, in fact, have pro¬ 

found effects on other constituents in the circulation. 

Antiplatelet agents have been used to reduce the formation 

of thrombi in blood vessels and on surfaces of prosthetic 

devices (19) or during extracorporeal circulation (20). 

The antiplatelet agents used in this study are 

shown in Table I. Although each of these agents exert 

their effects through different mechanisms, one charac¬ 

teristic in common is an observed elevation of the intra¬ 

cellular level of cyclic adenosine monophosphate (cAMP) 

(21-25). 

Prostaglandin Ey (PGEj) inhibits the aggregation 

of platelets induced by adenosine diphosphate (ADP), col¬ 

lagen or epinephrine (26). PGEi can be produced by the 

platelet from dihomo-y-linolenic acid; however, since the 

phospholipids contain much arachidonic acid but hardly 

any dihomo-y-linolenic acid, it is unlikely that PGEi is 

formed in the platelet in significant quantities. PGEi 



Table I. Antiplatelet Agents Used in This Study 

Name Structure Mol. Wt 

KJ 

Prostaglandin Ej }—354.5 

( PGE ! ) 

HCT JH 

Prostaglandin I2 

(PGI2, 
prostacyclin) 

352.5 

Theophylline *1*0' 180.0 

CH, 

RA-8 

(Dipyridamole) 

HOH2CH2C> 

N- 
504.6 

HOH2CH2C 

N: 
.CH2CH2OH 

'CH2CH2OH 

RA-233 

CH„CH0H 
/ 2 2 
XCHoCHo0H 

2 2 421.5 

Final 
Cone. 

Employed 

2.9X10~
6
M 

3X10
_6
M 

100X10
_6
M 

100X10
_6
M 

1
X
10”

6
M, 

100
X
10-

6
M 

7 
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stimulates the enzyme adenyl eyclase to elevate the intra¬ 

cellular level of cAMP (24, 25). Other effects of PGEj 

due to increase of cAMP include modulation of intracellu¬ 

lar calcium implicated as the normal physiological trigger 

for the secretory and aggregation processes in platelets 

(25, 27) and inhibition of the hydrolysis of arachidonic 

acid from platelet phospholipids (28, 29). 

Prostaglandin 12 (PGI2 or prostacyclin) has a very 

strong anti-aggregating potency which is about 30 times 

that of PGEj (26). PGI2 is synthesized in blood vessel 

linings from the cyclic endoperoxides PGG2 and is the in¬ 

termediate in the synthesis of the more stable derivative 

6-keto-prostaglandin F (22). Although PGI2 acts as a 

vasodilator (30), it also increases intracellular cAMP 

through stimulation of adenyl cyclase. 

Theophylline (1,3-dimethyl xanthine) inhibits the 

breakdown of cAMP by cyclic nucleotide phosphodiesterase 

(23, 24, 31, 32). When used in combination with PGEj or 

PGI2, theophylline maintains an elevated level of cAMP in 

the platelets. 

Although dipyridamole has been extensively studied 

as an anti-aggregating agent 111 vitro (33) and as an anti¬ 

thrombotic agent in humans (34-38), its mechanism of action 

has been elusive. The following actions of dipyridamole 

have been reported: inhibition of phosphodiesterase 
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activity (23, 31); inhibition of 5'-nucleotidase, alkaline 

phosphatase, and adenosine deaminase (31); inhibition of 

adenosine uptake by the platelet (39, 40); and inhibition 

of binding of ADP to platelet membranes (41). Best et al. 

(42) have observed a slight stimulation of platelet mem¬ 

brane adenyl cyclase. Moncada and Korbut (43) have sug¬ 

gested that the antithrombotic activity depends on activa¬ 

tion of adenyl cyclase by circulating PGI2, while Massoti 

et al. (44) have indicated that dipyridamole can induce an 

increase of PGI2 release. In addition, data suggest that 

dipyridamole exerts an additional effect on platelet 

function by inhibiting the biosynthesis of thromboxane A2, 

by a mechanism independent of prostacyclin and cAMP (42, 

45-47). Finally, Niewiarowski et al. (48) report that 

aj-acid glycoprotein appears to be responsible for block¬ 

ing dipyridamole's capacity to inhibit in vitro platelet 

aggregation in plasma. 

Although RA-233 is similar in structure to dipyri¬ 

damole, its effects on platelet aggregation have not been 

as thoroughly investigated. Similarly to theophylline and 

dipyridamole, RA-233 inhibits the cAMP phosphodiesterase 

in platelets and thus greatly potentiates the accumulation 

of cAMP when used in combination with adenyl cyclase acti¬ 

vators (23, 32). Data indicate that RA-233 inhibits 

platelet aggregation to a greater extent than dipyridamole 



10 

(39, 40) but does not inhibit adenosine uptake as greatly 

(39). Also, RA-233 is reported to inhibit collagen- 

platelet adhesion, regarded as the induction step (32). 

3. Summary of the Design Equations of the Viscometer 

The ROM-8 and RUSKA viscometers were designed by 

researchers in the Rice Biomedical Laboratory to observe 

effects of mechanical trauma in blood (49). The basic 

design shown in Figure 1 consists of a stationary inner 

cylindrical bob and a rotating outer cup which allow the 

fluid to be sheared in three distinct regions. Most of 

the volume, approximately 75%, is contained in the concen¬ 

tric cylinder region. Because of the small gap between 

the cylinders, the flow in this region can be approximated 

by Couette flow. The remaining volume is divided between 

a cone-and-plate region and a cone-and-cone region. 

The special geometry imparts important advantages 

of these instruments. Very high shear rates can be 

attained so that higher shear stresses can be applied to 

blood cells without having to artificially increase the 

suspending medium viscosities. By adjusting the various 

gap settings and cone angles, a uniform shear stress is 

obtained in all three regions. The cone-and-cone region 

at the top minimizes the fluid-air interface. And 



CM ro 

il 

1 

Figure 1 . Head of the Rice University Viscometer. Details 
are: 1) cup, 2) cooling fin, 3) bob, 4) ther¬ 
mowell, 5) sample port, 6) cone-and-plate region, 
7) concentric cylinder region, 8) cone-and-cone 
region. 
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finally, laminar flow is strongly stabilized by centrifu¬ 

gal forces when the outer cup is rotated. 

Previous researchers have derived the viscometer 

design equations in great detail (49-51). Therefore, it 

is not the purpose of this thesis to reiterate those 

derivations but to summarize the important equations used 

in daily viscometric calculations. 

A schematic diagram of the viscometer is shown in 

Figure 2. The design equations for shear stress (dynes/ 

2 
cm ) are the following: 

1. Concentric cylinder: 

Tr 0 = 

^•2 

1-K* 

K = 
R. 
l 

R 

2. Cone-and-plate: 

_ -yfl 
0 <j> e 

cp 

3. Cone-and-cone: 

y Œ sin 0 

T 
cc 

AVG 
6<|> 

0 
cc 

(i) 

(2) 

(3) 

where y equals viscosity in poise, and Œ is angular 

velocity in radians/sec. By predetermining K, 0 , and 
cp 

0cc such that the shear stress is constant throughout the 

viscometer, the previous equations can be equated as 
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Figure Viscometer nomenclature and 
symbols. 
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sin 0 
2K

2
 = 1 _ CAVG 

!-<2 6cp 0CC 

The shear rate can be calculated by equating the shear 

stress in equation (1) with Newton's law. 

T 
re 

-y y = -2 |i 

Y 

(4) 

• 2 
where y is shear rate in sec-1. Since Œ ^ x RPM 

where RPM is revolutions per minute equation (4) can be 

written as 

Y = 
15 U-K

2
J 

x RPM (5) 

The total torque, M^,, exerted by a sheared fluid on the 

bob is given by 

M T (shear stress) (lever arm)»dA 
bob 
surface 

(6) 

where A is the bob surface area. The equations for the 

torque are the following: 

1 Concentric cylinder: 

*±II n it if2 

M 
4ir y Sî Rf L 

l 

cyl 
(1-K 2) 

(7) 
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2. Cone-and-plate: 

M 
2TT y n R: 

cp 36 
cp 

3. Cone-and-cone: 

M 
2IT y Œ(R?-r*) 

cc 
36 cc 

(8) 

(9) 

By taking the summation of equations (7), 

and combining the shear stress terms since 

the total torque is given by 

(8), and (9) 

T , = T = cyl cp cc f 

M,p = 2ir T 
R?L R? 
—+ — + 

Rf - r; 
l 

K ‘ 3 sin 6 cc 

(10) 

Therefore, the shear stress can be calculated from the 

observed torque by 

T 

Up 

2ir 
R?L R? 

l 
Rf - r, 
1 2 

3 “t 

K 3 sin 6 ccH 

(11) 

4. Studies on the Effects of Shear Stress 

on Polymorphonuclear Leukocytes 

Observations of the effects of mechanical trauma 

on PMN leukocytes were initiated by Dewitz in the Rice 

Biomedical Laboratory (52). Both the ROM-8 and RUSKA 
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viscometers were used. Leukocyte response to shear stress 

was measured by the following indicators: electronic par¬ 

ticle counts, the release of $-glucuronidase, cytochemical 

staining of alkaline phosphatase, phagocytosis/chemilum¬ 

inescence, chemotaxis and random migration, and hexose 

monophosphate shunt activity. These measurements sug¬ 

gested that shear stress and exposure time were the most 

important parameters of mechanical trauma, whereas varia¬ 

tion of temperature, anticoagulant, and surface to volume 

ratio were less important. When whole blood was trauma¬ 

tized, leukocyte counts decreased by 25% after shearing 

at 500 dynes/cm2 for 10 minutes. In comparison, after 

PMNs were purified, the suspensions could only withstand 

150 dynes/cm2 for 10 minutes before undergoing marked 

reduction in cell counts. Release of alkaline phos¬ 

phatase and 3-glucuronidase were measured as an indica¬ 

tion of loss of granules by the leukocyte in response to 

mechanical trauma. Cytochemical staining of alkaline 

phosphatase was significantly reduced by shear stresses 

150 dynes/cm2 for 10 minutes. In addition, sheared leuko¬ 

cytes released 50-70% of their total 3-glucuronidase con¬ 

tents after exposure to shear stresses greater than 250 

dynes/cm2 for 10 minutes (53, 54). 

Mclntire et al. investigated the effects of dipy¬ 

ridamole on PMN response to mechanical trauma (55). 
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PMN suspensions were incubated with 2.50 x 10“4 M dipyrid¬ 

amole at 37°C for 10 minutes, after which they were ex¬ 

posed to shear stresses of 150 and 450 dynes/cm2 for 10 

minutes at 37°C. The release of 3-glucuronidase in the 

control samples after 150 and 450 dynes/cm2 was 80% and 

95%, respectively, of the total enzyme. However, after 

incubation with dipyridamole and shearing at the above 

shear stresses, only 45% and 51%, respectively, were re¬ 

leased into the extracellular fluid. These results sug¬ 

gested that dipyridamole inhibited granule release by the 

PMNs in response to shear stress. 

Similar observations were reported on PMNs incu¬ 

bated with 3 yM PGEi plus 1 x/M RA-233 (56). The release 

of 3-glucuronidase after exposure of 100 and 300 dynes/cm2 

for 10 minutes without drugs was 23% and 76%, respectively. 

After incubation with the drugs, enzyme release decreased 

dramatically to 8% and 22%, respectively. Again this 

suggested inhibition of granule release by anti-platelet 

agents whose effects on platelets included elevation of 

intracellular cAMP. 



II. MATERIALS AND METHODS 

A. The Viscometers 

1. Description of the ROM-8 and RUSKA Viscometers 

Both the ROM-8 and RUSKA viscometers were used to 

observe the effects of mechanical trauma on PMNs . Fig¬ 

ure 1 shows a cross-section of the RUSKA viscometer; the 

cross-section of the ROM-8 is very similar. The two major 

components of the viscometer were the stationary inner cyl 

inder (bob) and rotating outer cup. Both components were 

composed of aluminum; the platen surfaces had been given a 

hard anodized coating to prevent the cup and bob from seiz 

ing if they were to accidently come into contact. In 

addition, the surfaces were coated with a 1% siliconizing 

agent, either Siliclad (Clay Adams, Parsippany, N.Y.) or 

Prosil-28 (PCR Research Chemicals, Gainesville, Florida), 

to prevent excessive adherence of cells to the platen sur¬ 

faces . 

The dimensions of the cup and bob assemblies are 

shown in Table II. Dewitz had previously shown (52) that 

the surface to volume ratio had little effect on shearing 

of PMN leukocytes. The larger total volume of the RUSKA 

necessitated a greater amount of blood to be drawn to 

prepare PMNs for four shear runs per experiment as was 

performed with the ROM-8. 

18 



Table II 

Viscometer Dimensions 

Cup inner diameter, cm 

Bob outer diameter, cm 

j, _ Bob outer diameter 
- Cup inner diameter 

Length of Bob, cm 

Vol. of Cone-Cone, ml 

Vol. of Cone-Plate, ml 

Vol. of Concentric Cyl., ml 

Total vol., ml 

Top gap, mm 

Bottom gap, mm 

Surface/Volume, cm-1 

ROM-8, Bob II RUSKA, Bob II 

6.993 7.001 

6.964 6.951 

0.996 0.993 

6.807 7.034 

0.43 (14.6%) 0.76 (14.2%) 

0.37 (12.6%) 0.73 (13.6%) 

2.14 (72.8%) 3.86 (72.2%) 

2.9 5.35 

0.0635 0.113 

0.033 0.0965 

99 89 

19 
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2. Calibrations of the RUSKA and ROM-8 

The rotation of the cup produced a shear stress 

which, in turn, produced a force on the bob and, thus, 

deflections of a linear torsion spring. These deflections 

were measured by a torque transducer and translated into 

electrical output. Static loading calibration studies on 

both the ROM-8 and RUSKA a mechanical force gauge (Hunter 

Spring, Hatfield, Pa.). The shear stress was calculated 

from the following. 

m x 980 %ec2 x RA 

[R?L R? - R2 Rf 
2 IT — + —   + — 

K
2 3 sin 3 i— avg -1 

= m x 4.6979, dynes/cm2 for RUSKA 

= m x 4.8994, dynes/cm2 for ROM-8 

where m was mass in grams measured by the mechanical 

gauge. The electronic display in millivolts was graphed 

versus shear stress, shown in Figures 3 and 4. The con¬ 

versions for the actual shear stress from VTRQ , the 

voltage reading of the torque meter, were given by the 

following. 

T = 1.57 VTRQ + 8.37 RUSKA 

T = 0.71 VTRQ +12.8 ROM-8 
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Figure 3. Dead-weight calibration curve 
of the RUSKA viscometer. Cal¬ 
culated shear stress is plotted 
as a function of the torque 
millivolt output. 
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TORQUE VOLTAGE, mV 

Figure 4. Dead-weight calibration curve of 
the ROM-8 viscometer. Calculated 
shear stress is plotted as a function 
of the torque millivolt output. 
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Similarly, the millivolt display for rotation rate 

was calibrated using a tachometer (Jaquet's indicator, 

H. H. Sticht Co., New York, N.Y.). The equations compar¬ 

ing VRpM and actual RPM were experimentally derived from 

graphing VRpM versus the actual rpm reading from the 

tachometer. From these conversions, shear rate could then 

be calculated from equation 5 in I.B.3. as the following. 

RUSKA RPM = 8.88 x v 
RPM 

y = 129.6 x VRpM, sec”
1 

ROM-8 RPM = 0.20 x v 
RPM 

Y = 127.32 x VRpM , sec-1 

Thus, shear stress (T) calculated from the VTRQ 

and shear rate (Ÿ) calculated from the VRpM could be 

used in the equation 

x - n Y 

to calculate an apparent viscosity (n) of the sheared 

fluid. Shear stress had units of dynes/cm2; shear rate 

had units of sec-1; and viscosity had units of poise. 

The transition from laminar to turbulent flow, 

shown in Figures 5 and 6, was observed when water was 

sheared at 23°C. The sharp increase in slope and thus 

the apparent viscosity was observed to be 53,500 sec-1 
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Figure 5. Transition to secondary flow in 
the RUSKA viscometer with water 
at 23°C. Increasing apparent 
viscosity indicates this transition. 
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SHEAR RATE, I0"4 sec'1 

Figure 6. Transition to secondary flow in 
the ROM-8 viscometer with water 
at 23°C. Increasing apparent 
viscosity indicates this transition. 
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or 420 dynes/cm2 for the ROM-8 and 22,000 sec-1 or 210 

dynes/cm2 for the RUSKA. 

B. Preparation of Polymorphonuclear Leukocytes 

Blood was obtained by venipuncture of healthy non¬ 

smoking male donors who had abstained from any medication 

for ten days. The blood was mixed with a dextran sedimen¬ 

tation fluid in a ratio of 2 parts blood to 1 part sedi¬ 

mentation fluid containing 1.25% glucose, 3.0% dextran 

(dextran 70, Macrodex 6% w/v in normal saline, Pharmacia, 

Piscataway, N. J.), 0.64% NaCl, and 30 units/ml sodium 

heparin (Organon, W. Orange, N. J.). The blood underwent 

sedimentation for 90 minutes, after which the leukocyte- 

and platelet-rich supernatant was transferred to 17 x100 nm 

plastic tubes (Falcon, Oxnard, Cal.) and centrifuged at 

150xg for 10 minutes with the GLC-1 tabletop centrifuge (Sor- 

vall, Newtown, Conn.). The pellet was washed with 0,85% 

NaCl and again centrifuged at 150xg for 10 minutes. The 

pellet was hypotonically lysed by mixing it with distilled 

water for 30 seconds and then adding an equal volume of 

1.8% NaCl. The mixture was then carefully layered onto 6% 

ficoll-10% hypaque (Ficoll, 40,000 m.w., Sigma, St. Louis, 

Mo; Hypaque sodium 50%, Winthfop, New York, N.Y.) in a ratio 

of 2 parts cell suspension to one part ficoll-hypaque and 
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centrifuged at 400 * g for 20 minutes (69). The superna¬ 

tant layers were carefully pipetted off, and the pellet was 

washed with 0.85% NaCl and centrifuged at 150 x g for 10 

minutes. The pellet was mixed with a modified Dulbecco's 

phosphate buffered saline (PBS), pH 6.9 (400 ml distilled 

water, 44 ml 10X Dulbecco's PBS (Grand Island Biological 

Company, Grand Island, N.Y.) and 0.5 ml 5N NaOH). The sus¬ 

pension was diluted with PBS to give a final concentration 

of 2500 cells per ui. 

C. Application of Shear Stress 

1. Incubation of the PMN Suspension with Antiplatelet 

Agents 

The leukocyte suspension of approximately 2500 

cells per was incubated for 30 minutes at room tem¬ 

perature with either the antiplatelet agents or the cor¬ 

responding buffers or solvents of those agents. Prepara¬ 

tion of these agents and additions to the cell suspensions 

are described by the following: 

a. Prostaglandin Ej. 

Prostaglandin Ej (PGEi) was either obtained from 

Upjohn Co., Kalamazoo, Mich., or from Sigma, St. Louis, Mo. 

PGEj was first dissolved in 95% ethanol at a concentration 

of 1 mg per 100 u£. To this dissolved solution 900 ill of 
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0.15 M NaCl, 0.002 M NaC03, pH 7.4 was added bringing the 

final concentration of PGE3 to 1 mg per ml or 2.9 * 10“
3 M. 

This stock solution was divided into 50 y£ aliquots which 

were stored at -20°C. For a final PGEi concentration of 

2.9 x 10~6 M, 1 til of PGEj stock stolution was added to 

each 1 ml aliquot of PMN leukocytes suspension. 

b. Prostaglandin I2. 

Prostaglandin I2 (PGI2, Upjohn Co.) was dissolved 

in 0.5 M tris, pH 9.25 at a concentration of 0.352 mg/ml 

or 1 x 10”3 M. It was stored at -20°C in aliquots of 20 ul. 

For a final PGI2 concentration of 3.0 x 10~
6 M, 3 ul PGI2 

stock solution was added to each 1 ml aliquot of cell sus¬ 

pension . 
i 

c. Theophylline. 

Theophylline (Sigma) was dissolved in PBS at a con¬ 

centration of 3.06 mg/ml or 0.017 M and was stored in 1-ml 

aliquots at -20°C. For each 1 ml of cell suspension, 6 ul 

of theophylline was added to give a final concentration of 

100 x io-6 M. 

d. RA-233. 

RA-233 (Boehringer Ingelheim, Ridgefield, Conn.) 

was dissolved in PBS, pH 5.5 at concentrations of 1 x10"3 M 

(0.422 mg/ml) and 2.5 x 10“3 M (1.053 mg/ml). These stock 

solutions were stored at 4°C. To obtain a 1 x 10~6 M final 
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concentration, 1 y£ of 1 x 10“3 M stock solution was added 

to each ml of cell suspension. For a 100 x 10“6 M final 

concentration 40 y£ of 2.5 x 10”3 M stock solution was 

added to each ml of cell suspension. 

e. RA-8. 

Dipyridamole, RA-8 (Boehringer Ingelheim, Ridge¬ 

field, Conn.) was dissolved in 0.1 N HC1 at a concentration 

of 25.2 mg/ml or 0.05 M. To obtain a final concentration 

of 100 x 10“6 M, 2 y£ of RA-8 stock solution was added to 

each ml of cell suspension. 

The following combinations were used in the shear¬ 

ing studies: 

2.9 JLXM PGE! 

100 yM RA-8 

2.9 yM PGEi + 

2.9 yM PGEi + 

2.9 yM PGEL + 

2.9 yM PGEx + 

3.0 yM PGI2 + 

1 yM RA-233 

100 yM RA-233 

100 yM Theophylline 

100 yM RA-8 

100 yM RA-233 

2. Shearing of the PMN Suspension 

Following the 30 minute incubation, 2 ml of cell 

suspension was transferred to 12 x 75 mm plastic tubes 
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to serve as the unsheared time controls. Another sample 

was transferred to the viscometer, 3.5 ml to the ROM-8 or 

5.4 ml to the RUSKA. This sample was sheared for 10 

minutes at room temperature (approximately 23°C) at 100, 

200, or 300 dynes/cm2. After the shear, 2 ml was 

extracted from the viscometer and transferred to 12 x 75 mm 

plastic tubes. 

Twenty y£ aliquots were taken from each of the 

unsheared and sheared samples for electronic cell counts. 

One ml from each of the two samples was centrifuged at 

150 x g for 10 minutes, and the supernatants were trans¬ 

ferred to clean tubes. The remaining 1 ml from each 

sample were sonicated for 10 seconds at setting 60 with 

a sonic dismembrator (Artek, Farmingdale, N. Y.). These 

four samples, unsheared and sheared, sonicated and non- 

sonicated, were assayed to determine 3-glucuronidase and 

lactic dehydrogenase release. 

D. Measurements of PMN Response 

1. Particle Counts 

Pre- and Postshear PMN leukocyte counts were moni¬ 

tored with an electronic particle counter (Model ZBI, 

Coulter Electronics, Hialeha, Florida). After 20 JI£ of 

suspension had been added to 10 ml of Isoton (Coulter 

Diagnostics, Inc.), the membranes were lysed by adding 
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3 drops of a stromatolysing agent, Zapisoton (Coulter 

Diagnostics, Inc.). The leukocyte nuclei were then 

counted using a 100 micron aperture and counter set with 

1/Amplification and 1/Aperture of 1 and 4, respectively, 

and the lower and upper thresholds of 8 and 84, respec¬ 

tively. As particles passed through the aperture, they 

displaced an equal volume of electrolyte thus resulting 

in current pulses. The number of changes within a fixed 

time period was proportional to the number of particles 

in that aliquot. For white blood cells the machine count 

was equal to the number of cells per cubic micrometer of 

the sample from which the aliquot was taken. 

2. 6-Glucuronidase Assay 

The activity of 6-glucuronidase released by the 

azurophilic granules into the extracellular fluid was 

determined with Sigma Kit #325, a colorimetric assay simi¬ 

lar to one described by Fishman et al. (70, 71) but modi¬ 

fied with an incubation temperature of 56°C instead of 

37°C. 6-Glucuronidase acted on the substrate phenophtha- 

lein mono-6-glucuronic acid to produce free phenolphtha- 

lein. The intensity of phenolphthalein in alkali could be 

measured at 550 nm and was proportional to the enzyme 

activity and concentration. 
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Two tubes were used for each sample assayed; one 

was identified as the sample blank, the other as the 

sample test. In addition, one reagent blank was assayed 

per series tested simultaneously. The reagents added were 

as follows: 

1. ) 0.3 ml Acetate Buffer Solution (sodium, 

acetate, 0.2 mol/liter, pH 4.5 at 25°C, 

Sigma stock #105-12) to each tube; 

2. ) 0.1 ml phosphate buffered saline to re¬ 

agent blank and each sample blank; 

3. ) 0.1 ml sample to each sample blank and 

sample test ; and 

4. ) 0.1 ml Phenolphthalein Glucuronic Acid 

Solution (0.03 mol/liter, pH 4.5 at 25°C, 

Sigma stock #325-2) to the reagent blank 

and each sample test. 

The contents of each tube were mixed by swirling and were 

incubated for 1 hour in a 56°C heating block (Temp-Blok, 

Module Heater, Lab-line Instruments, Melrose Park, Illi¬ 

nois) . 

Immediately following incubation, 2.5 ml of AMP 

Buffer (2-amino-2-methy1-1-propanol, 0.1 mol/liter, pH 11 

and sodium lauryl sulfate, 0.2%, Sigma stock #325-3) was 

added to each tube to stop the reaction. The absorbance 

was measured by a spectrophotometer (Beckman Acta II, 
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Beckman Instruments, Inc., Fullerton, Cal.) at a wave¬ 

length of 550 nm and a slit width of 0.02 mm against water 

as a reference. 

The corrected absorbance of the sample test was 

determined by the following 

■^Corrected ^Test " ^Sample Blank + ^Reagent Blank^’ 

The percentage of 3-glucuronidase release could then be 

calculated by the expression 

N — NC 
%3-Glucuronidase Release = g^ x 100% 

where NC equaled the corrected absorbance of the unson¬ 

icated control (unsheared) sample, N was the corrected 

absorbance of the unsonicated sheared sample, and S was 

the corrected absorbance of the sonicated sheared sample. 

3. Lactic Dehydrogenase Assay 

Lactic dehydrogenase (LDH) is a cytoplasmic enzyme 

in PMN leukocytes. It had been observed that LDH was not 

extruded into the extracellular fluid when lysosomal en¬ 

zymes were sèlectively released (72). Therefore, % LDH 

release was used as an indicator of membrane damage and 

possible cell lysis. 
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Lactic dehydrogenase was determined using Sigma 

assay kit #340-UV with a procedure based on the spectro- 

photometric method of Wrobelwski and LaDue (73, 74). 

Lactic dehydrogenase catalyzed the following reaction. 

Pyruvate + NADH  ► Lactate + NAD 

Since NADH has a higher absorbance at 340 nm than NAD, the 

reaction was monitored in terms of the rate of decrease of 

absorbance. 

Into a NADH vial (Nicotinamide Adenine Dinucleo¬ 

tide, reduced form, 0.2 mg, Sigma stock #340-2), 2.85 ml 

Potassium Phosphate Buffer (0.1 M, pH 7.5, Sigma stock 

#410-3S) and 0.05 ml pre- or postsheared sample were 

pipetted. Following mixing, the vial was incubated at 

23°C for 20 minutes. Afterward, 0.1 ml Sodium Pyruvate 

Solution (0.02 M in 0.1 M phosphate buffer, pH 7.5, Sigma 

stock #490-1) was added, the vial was capped and mixed by 

inversion, and the contents were transferred to a quartz 

cuvet of 1-cm lightpath. The absorbance at 340 nm with a 

0.25 mm slit width (Beckman, Acta II) was recorded at 30- 

second intervals for 7.5 minutes. Water was used as the 

reference. 

The decrease of absorbance with time was deter¬ 

mined by linear regression, and the LDH activity was cal¬ 

culated by the following expression. 
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LDH Activity (Units/ml) = A Absorbance/min. 

x 20,000 x TCF 

TCF = Temperature Correction Factor 

= -0.999 x T + 3.436, T < 24°C 

or = -0.569 x T + 2.4184, T 24°C 

The % LDH release or % Lysis was calculated as 

% LDH Release = 
LDH

N 

LDHS 

^NC 

^NC 

x 100% 

where LDH^c equaled LDH activity of the unsonicated 

control (unsheared) sample, LDHN was the LDH activity 

of the unsonicated sheared sample, and LDHg was the LDH 

activity of the sonicated sheared sample. 

E. Platelet Response to Antiplatelet Agents 

1. Preparation of Platelet-Rich Plasma 

Blood was obtained by venipuncture of healthy (no 

medication for 10 days before donation), fasting volun¬ 

teers. Ten ml of blood was quickly and gently mixed with 

1.1 ml of 3.8%, weight to volume, sodium citrate in sili¬ 

conized glass test tubes (Becton, Dickinson and Co., 

Rutherford, N. J.). 

The citrated blood was centrifuged with the GLC-1 

tabletop centrifuge (Sorvall) for 10 minutes at 150 x g. 
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The supernatant, platelet-rich plasma (PRP) was drawn off 

with a pasteur pipette and transferred to a clean silicon¬ 

ized glass or plastic test tube. If necessary, the re¬ 

maining fraction was centrifuged for 5 minutes at 150 x g 

to retrieve more PRP. Finally, the red blood cell frac¬ 

tion was centrifuged for 10 minutes at 1000 x g. The 

resultant supernatant was platelet-poor plasma (PPP) and 

was transferred to a separate test tube. 

The platelets in the PRP were counted analogously 

to leukocyte counting with the exceptions of an aperture 

diameter of 70 microns, 1/Amplification and 1/Aperture 

settings of £ and £, respectively, and lower and upper 

thresholds of 7 and 70, respectively. In addition, 3.3 y£ 

of PRP were diluted with 10 ml of Isoton and counted. 

The PRP was diluted with PPP to obtain the desired final 

concentration of approximately 300,000 platelets per y£. 

One ml aliquots were transferred to separate 

12 x 75 mm Falcon tubes. Antiplatelet agents were added 

to 1 ml of PRP and incubated for 20 minutes at room tem¬ 

perature (23°C); their final concentrations were the 

following: 

1 JIM PGE! 

1 liM RA-233 

100 yM RA-233 

100 yM RA-8 
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2.9 it M PGE j 

2.9 uM PGE j 

2.9 ji M PGE x 

2.9 »M PGE j 

3 nM PGI2 + 

3 n M PGI* + 

+ 1 uM RA-233 

+ 100 uM RA-233 

+ 100 yM Theophylline 

+ 100 RA-8 

100 utU Theophylline 

100 uM RA-233 

2. ADP-Induced Aggregation 

Platelet aggregation induced by addition of adeno¬ 

sine diphosphate (ADP) was observed using an aggregometer 

(Model DP-247E, Sienco, Inc., Morrison, Colorado). 

To a cuvet containing 0.4 ml PRP or PRP plus 

drugs, 0.1 ml of 10 yM ADP was added giving a final con¬ 

centration of ADP of 2 (iM. Platelet aggregation was ob¬ 

served by increasing light transmission through the PRP 

(75). This light transmission was monitored for 5 minutes 

after ADP addition. 

Optical density was calculated by the equation 

0. D. = -log T 

where T is transmission. The percent relative aggre 

gation was calculated as 

% Rel. Aggreg (A O.D.) sample 
(A O.D.).control 

x 100 % 

where (A O.D.) sample was the change in optical density 
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of the platelets plus one of the above-mentioned drugs and 

(O.D.) control was the change in optical density of plate¬ 

lets with no drug. 



III. RESULTS 

A. General Remarks 

The isolation technique outlined in II.B. prepared 

cell suspensions that were approximately 90% PMN leukocytes. 

The remainder included lymphocytes, monocytes, and unlysed 

red blood cells. Viability of these cells was tested by 

observing exclusion of the cells to trypan blue. The per¬ 

cent viability of the PMNs was usually greater than 95%. 

Isolated PMNs suspended in PBS were observed to maintain 

this viability for approximately 3 hours before beginning 

to show increased permeability to the dye. In addition, 

6-glucuronidase and LDE release showed increases at 3 

hours. Therefore, it was imperative to perform the shear 

experiments within 3 hours following leukocyte isolation 

and suspension in PBS. 

The apparent viscosity was calculated as the ratio 

of the shear stress to shear rate of each shear of the leu¬ 

kocyte suspension. These results are shown in Table III. 

During each run, the shear stress was directly controlled 

by maintaining the torque output while the voltage for the 

RPM was allowed small variations. The apparent viscosity 

for approximately 2 x io6 leukocytes per ml of PBS was cal¬ 

culated to be approximately 0.9 centipoise. In comparison, 

39 



Table III 

Viscometric Data with the PMN Leukocyte Suspension 

Viscometer Shear Stress 
dynes/cm2 

No. of Runs Apparent 
Viscosity, 
centipoise 

ROM-8 100 34 0.88 ± 0.10 

300 31 0.80 ± 0.07 

RUSKA 100 11 1.04 ± 0.04 

300 54 1.33 ± 0.04 

40 
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water at 23°C has a viscosity of 0.94 centipoise (86). 

The transition points had been previously approximated to 

be 420 dynes/cm2 for the ROM-8 and 210 dynes/cm2 for the 

RUSKA (see II.A). Therefore, the ROM-8 maintained 

laminar flow at shear stresses used in this study, while 

the RUSKA operated at a transition to turbulent flow at 

300 dynes/cm2. This turbulent flow regime may have posed 

problems. Since the time average shear stress was con¬ 

trolled, cells may have been exposed to greater shear 

stresses than indicated by the millivolt display. 

B. Effects of Shear Stress on PMNs 

The effects of shear stress on the control PMNs 

are shown in Table IV and Figures 7, 8, and 9. In¬ 

cluded in these data is the accumulation of control shears 

performed throughout this study. The particle count is 

tabulated as the % loss in order to compare it with the 

enzyme release results. The particle count loss during 

the shear is calculated as 

% Loss = —^ ^ x 100 % 

where BS is the particle count before the shear, and 

AS is the count after the shear. 



Table IV 

Results of Shear-Induced Effects on 

Leukocytes, No Drugs 

Average Values ± S. D. 

Shear Stress Particle Count 3-Glucuronidase LDH 
(dynes/cm2) % Loss Release, % Release, % 

0 0 (3) 0 (3) 0 (3) 

100 22.8 ± 17.7 24.7 ± 9.1 23.1 ± 7.3 
(13) (13) (13) 

300 48.4 ± 16.7 
(41) 

52.8 ±16.9 
(42) 

46.7 + 15.2 
(41) 

Numbers in parentheses indicate the number of data points. 
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SHEAR STRESS, dynes/cm2 

Figure 7. Percent loss of cells after 
exposure of PMN suspensions 
to shear stress at room tem¬ 
perature for 10 minutes. 



SHEAR STRESS, dynes/cm2 

Figure 8. Percent release of 
8-glucuronidase after 
exposure of PMN suspen¬ 
sions to shear stress at 
room temperature for 10 
minutes. 



Figure 9. Percent release of lactic 
dehydrogenase after exposure 
of PMN suspension to shear 
stress at room temperature 
for 10 minutes. 
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As expected, particle count loss, 3-glucuronidase 

release, and LDH release increase with increasing shear 

stress. The loss of leukocytes can be an indication of 

either shear-induced aggregation (52, 76) or cell damage. 

Lactic dehydrogenase release is normally used as a measure 

of cell lysis (51, 71). 3-Glucuronidase release is a mark¬ 

er for granule release which can occur either by lysis or 

by stimulation of the PMN. 

Iverson and De Châtelet (13, 14) have reported on 

a recently discovered minor granule with NADH oxidase 

activity. Therefore, it was necessary to show that the 

LDH assay utilized pyruvate as the substrate rather than 

NADH alone. When a modified assay was performed in which 

pyruvate was not added, no activity was observed. Thus, 

activity measured by this assay could thereafter be 

assumed to be cytoplasmic LDH. 

It should be noted that both sheared and unsheared 

samples were sonicated and assayed for 3-glucuronidase and 

LDH. In almost every case, amount of enzyme in the 

sheared sample is less than the amount observed in the un¬ 

sheared sample. This result by itself indicates that 

intact leukocytes or fragments of leukocytes adhere to the 

viscometer surfaces during the shearing process. 

At a shear stress of 100 dynes/cm2 the differences 

among cell loss, azurophilic enzyme release, and cell 
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lysis are not statistically significant (criterion for 

statistical significance determined by Student's t dis¬ 

tribution with p < 0.05) (77). However, at the higher 

shear stress studied, B-glucuronidase release differs 

from both LDH release and particle count loss; this dif¬ 

ference is statistically significant. Cell loss and LDH 

release do not differ significantly. These results 

would indicate that the lower shear stresses may induce 

cell damage whereas higher shear stresses may stimulate 

granule release in addition to cellular lysis. 

C. Effects of Antiplatelet Agents on PMN 

Response to Shear Stress 

1. Platelet Aggregation Study 

Table V shows the effect of the antiplatelet 

agents on ADP-induced aggregation of platelets suspended 

in autologous plasma (PRP). As observed in prior studies 

(51) PGEi and PGI2, either alone or in combination with 

phosphodiesterase inhibitors, produce a marked reduction 

in platelet aggregation. In addition, theophylline and 

pyrimidopyrimidines produce a slight but not significant 

inhibition of platelet aggregation. It is of interest to 

note that there is a small difference between 100 yM RA-233 

and 100 yM RA-8. Although this difference is not statis¬ 

tically significant, the fact that RA-233 inhibits 



Table V 

ADP-induced Aggregation of Platelets 

Incubated with Antiplatelet Agents 

Agent Relative Aggregation 

Control 1.00 

2.9 yM PGEi 0.26 + 0.11 (4) 

1 yM RA-233 0.85 ± 0.16 (4) 

100 yM RA-233 0.76 ± 0.19 (4) 

100 yM Theophylline 0.86 + 0.16 (5) 

100 yM RA-8 0.90 ± 0.11 (3) 

2.9 yM PGEi + 1 yM RA-233 0.30 ± 0.08 (7) 

2.9 yM PGE! + 100 yM RA-233 0.12 ± 0.02 (5) 

2.9 yM PGEx + 100 yM Theophylline 0.17 + 0.03 (5) 

2.9 yM PGEX + 100 yM RA-8 0.15 (1) 

3.0 yM PGI2 + 100 yM RA-233 0.15 (1) 

Numbers in parentheses indicate the number of data points. 

48 
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aggregation in PRP to a slightly greater degree than RA-8 

correlates with the results of Niewiarowski et al. (48) 

that antiplatelet activity of RA-8 is blocked by a glyco¬ 

protein in plasma. There is a statistically significant 

difference between PGEi + 1 yM RA-233 and PGEi + 100 yM 

RA-233. The greater concentration of RA-233 was chosen 

in order to better compare its effects on both platelets 

and leukocytes with the results observed with platelets 

pretreated with 1 yM PGEi + 100 yM Theophylline (51, 67). 

In these studies, the concentration of PGI2 is 300 times 

that used by Hardwick (51). However, PGI2 combined with 

RA-233 is a very potent inhibitor of platelet aggregation. 

A relative aggregation of approximately 0.15 appears to 

be the limiting inhibition for the platelets. In other 

words, it is very difficult to compare aggregations equal 

to or less than that value. 

2. Shear Studies with PMNs 

Results of the shear study of PMNs pretreated with 

2.9 yM PGEi + 1 yM RA-233 are shown in Tables VI and VII 

and Figures 10, 11, 12. All shears with pretreated leuko¬ 

cytes were paired with control shears performed on the 

same day. However, it should be noted that with one 

leukocyte preparation, two control shears and two dif¬ 

ferent pretreatments/shears were sometimes performed. 
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SHEAR STRESS, dynes/cm2 

Figure 10. Percent loss of cells after 
exposure of PMN suspensions, 
untreated or Dretreated with 
2.9 pM PGEj. +‘l yM RA-233, to 
shear stress at room tempera¬ 
ture for 10 minutes. 



SHEAR STRESS, dynes/cm2 

Figure 11. Percent release of 
3-glucuronidase release 
after exposure of PMN 
suspensions, untreated or 
pretreated with 2.9 yM PGEi + 
1 yM RA-233, to shear stress 
at room temperature for 10 
minutes. 



O CONTROL 80 

60 

• 2.9 PGE, + I fiM RA-233 

Figure 12. Percent release of lactic 
dehydrogenase after exposure 
of PMN suspensions, untreated 
or pretreated with 2.9 yM PGEi 
+ 1 yM RA-233, to shear stress 
at room temperature for 10 
minutes. 
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With those experiments, two controls were used for the 

final average in contrast to one value per pretreatment 

being used. This accounts for the differences between 

the number of data points for the controls and the pre¬ 

treated samples. 

Table VI shows the effects of 2.9 yM PGEX + 1 yM 

RA-233 at two shear stresses, 100 and 300 dynes/cm2. At 

a shear stress of 100 dynes/cm2, incubation of the PMNs 

give no statistically significant differences from the 

controls with the three measurements of shear. However, 

at 300 dynes/cm2 there are statistically significant 

(p < 0.01) differences in particle count, 3-glucuronidase 

release, and LDH release between the controls and pre¬ 

treated PMNs. Figures 10, 11, 12 also show this reduction 

of shear effect by PGEi + RA-233. For clarity, -note that 

error bars are not represented. In each case, the effects 

of the pretreated samples plateau at shear stresses of 

approximately 200 dynes/cm2. 3-Glucuronidase and LDH 

release of untreated PMNs sheared at 300 dynes/cm2 are 

not significantly different from each other. However, 

with drug-treated PMNs at a shear stress of 300 dynes/cm2 

a statistically significant difference between granule 

release and lysis is observed. 
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An attempt was made to eliminate the dependency 

on the absolute values of the measurements and the large 

donor variation. with each PMN preparation, the 

control shears were averaged and normalized to 100%. 

Measurements of the sheared pretreated samples were cal¬ 

culated as a percentage of the average value of the con¬ 

trols. The overall average values are shown in Table VII. 

Although donor variation with respect to response to 

shear stress is eliminated, a large variation in terms of 

PMN response to the antiplatelet agents can be observed. 

In spite of this variation, effects of these agents can 

easily be seen with shears of 100 and 300 dynes/cm2. In¬ 

cubation with these agents gives approximately 25% reduc¬ 

tion of enzyme release at a shear stress of 300 dynes/cm2. 

Results of leukocytes incubated with the remaining 

agents are shown in Tables VIII and IX. 

Pretreatment of the cells with 2.9 yM PGEX + 100 

yM RA-233 gives the same reduction, approximately 25%, of 

the control as PGEj + 1 JJM RA-233. In addition, the dif¬ 

ferences between the control and pretreated samples are 

statistically significant (p < 0.01). These results in¬ 

dicate that leukocyte response is not dependent upon 

RA-233 concentrations between 1 and 100 yM. 

The effects on PMNs pretreated with 2.9 yM PGEx + 

100 yM theophylline give similar relative decreases 
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as PGEi + 100 yM RA-233 shown in Table IX. However, these 

differences are not statistically significant. This is 

due to a smaller number of data points used to average 

the PGEi + theophylline results. 

Even though few data points are evaluated for 

2.9 yM PGEi + 100 yM RA-8, the differences are statisti¬ 

cally significant (p < 0.01 for the particle count, p < 

0.01 for 3-glucuronidase and LDH release). In addition, 

all three measurements are markedly decreased from the 

controls; release of 3-glucuronidase and LDH is approxi¬ 

mately 45% of control. 

Pretreatment with dipyridamole (RA-8) also pro¬ 

duces a significant reduction of shear-induced enzyme 

release from the control (p < 0.05 for 3-glucuronidase, 

and p < 0.01 for LDH). The decrease of approximately 31% 

is not as marked as the decrease of 55% with PGEX + RA-8 

but is slightly greater than the effect of PGEi + RA-233. 

PGEi appears to have a small but not statistically 

significant effect on PMN response. Again, this apparent 

trend may be due to the small number of data points. 

The combination of PGI2 + RA-233 has very little 

effect on PMN response. This indicates that RA-233 does 

not induce stabilization of leukocytes undergoing shear 

stress but rather sustains effects of the prostaglandins. 



IV. DISCUSSION 

A. PMN Response to Shear Stress 

The PMN isolations, incubations with the antiplate¬ 

let agents, and shear runs were performed at room temper¬ 

ature throughout the course of this study. This technique 

was in contrast to the incubation and shearing performed 

at 37°C by-Dewitz (52) and Stockwell (68). The reasons 

for maintaining cell suspensions at room temperature 

rather than 37°C were two-fold. First, Dewitz (52) had 

shown that some of the effects of shear stress on leuko¬ 

cytes was independent of temperature. Second, complica¬ 

tions in maintaining the temperature at 37°C during the 

shear runs could be avoided by performing the shears at 

room temperature. Since PMN metabolic rate was depressed 

at the lower temperature, PMN deterioration may have been 

delayed. Another deviation from the techniques of Dewitz 

and Stockwell was that PMN leukocytes were suspended in 

PBS at pH 6.9 rather than pH 7.2 or 7.4. This difference 

in pH seemed to have little or no effect on shear-induced 

leukocyte response. However, pH may have had an effect on 

drug incubations. Stockwell (68) and Mclntire et al. (56) 

reported B-glucuronidase release of PMNs pretreated with 

2.9 yM PGEi + 1 yM RA-233 and exposed to shear stresses of 
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100 and 300 dynes/cm2 as approximately 32% of the control 

values whereas this study showed no difference at the 

lower shear stress and release of approximately 77% of 

the control values at the higher shear stress. 

The shear-induced effects of PMNs without drugs 

were observed for two reasons. The first objective was 

to compare shear-induced changes in particle count and 

3-glucuronidase release at room temperature with the 

results of Dewitz and Stockwell. The second objective 

was to observe cell damage from mechanical trauma by 

determining release of cytoplasmic LDH into the extra¬ 

cellular fluid. This would indicate whether shear stress 

caused a granule release reaction or nonspecific membrane 

damage. 

Shear-induced effects on PMNs not pretreated with 

drugs show that cell loss, granule release, and cell ly¬ 

sis increase with increasing shear stress. Furthermore, 

the increases observed with each of these three indicators 

are approximately equal at shear stresses of 100 dynes/cm2. 

This indicates that cell loss may be due to cell disrup¬ 

tion rather than PMN aggregation. This cell lysis may 

also give rise to nonspecific granule release into the 

extracellular fluid. 

At shear stresses of 300 dynes/cm2, release of 

3-glucuronidase exceeds both cell loss and LHD release. 
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These results suggest that PMNs exposed to a shear stress 

of 300 dynes/cm2 release azurophilic granules in excess of 

the nonspecific release expected from cell disruption. 

One explanation is that lower shear stresses induce an 

uneven distribution of granules in addition to extrusions 

of cytoplasm by membrane ruffling. Observations consis¬ 

tent with this interpretation were made with transmission 

electron microscopy by Dewitz (52). At the higher shear 

stresses, granules concentrated near the membranes may be 

extruded by local disruptions of the membrane without a 

concomitant release of cytoplasmic enzyme. 

Release of 3-glucuronidase from untreated PMNs in 

this study correlate well with those results from Dewitz 

and Stockwell. Dewitz reports 25% release and 70% release 

at shear stresses of 100 and 300 dynes/cm2, respectively. 

Similarly, Stockwell reports 22% and 76% releases at the 

respective shear stresses. 

If calculated in terms of % particle count loss, 

Dewitz shows 32% and 54% for shear stresses of 100 and 300 

dynes/cm2, respectively, while Stockwell reports 16% and 

21% losses at these shear stresses. In the present study, 

losses of 23% and 48% correlate with those results of 

Dewitz. 

Both Dewitz and Stockwell monitored effects of 

shear stress by assaying release of alkaline phosphatase. 
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Dewitz reports approximately 35% and 55% release for shear 

stresses of 100 and 300 dynes/cm2; whereas Stockwell ob¬ 

served 38% and 66% release. Recent studies have indicated 

that alkaline phosphatase may, in fact, be located in 

vesicular membranes (5, 12) rather than in secondary 

granules as observed with rabbits (7, 8). Consequently, 

alkaline phosphatase release from human PMN leukocytes 

may be an indication of cell lysis. LDH release in this 

study is 23% and 47% at 100 and 300 dynes/cm2; these re¬ 

sults agree fairly well not only with cell loss and 8- 

glucuronidase release in this study but also with alkaline 

phosphatase release reported by Dewitz and Stockwell. 

Although the electronic particle counter counts the num¬ 

ber of nuclei after the membranes have been lyzed with a 

stromatolysing agent, LDH release and cell loss may allow 

quantitation of cellular components adhering to the sur¬ 

faces within the viscometer. 

Previous studies in this laboratory have also 

monitored shear effects with tests of leukocyte function 

such as Boyden Chamber chemotaxis, chemiluminescence, and 

adhesion to serum-coated glass slides (52, 54, 68, 77). 

Drug treatments such as dipyridamole and PGEi + RA-233 

show minimal or no effect on phagocytosis/chemilumines¬ 

cence (55, 68). Leukocytes incubated with PGEi + RA-233 

demonstrated reduced adhesion to glass slides before and 



64 

after exposure to shear stress. It was decided to concen¬ 

trate primarily on differences and/or similarities between 

the enzyme release measurements. 

B. Shear Studies with PMNs Pretreated with Antiplatelet 

Agents 

1. PGEi + RA-233 

Concentrations of PGEi and RA-233 were chosen for 

this study in order to correlate these results with those 

observed in previous studies. Mclntire et al. (56) ob¬ 

serve a large inhibition of shear-induced granule release 

with leukocyte suspensions incubated with 3 pM PGEi + 1 pM 

RA-233. Without pretreatment with the agents, 3-glucuron¬ 

idase is measured to be 23% and 76% at shear stresses of 

100 and 300 dynes/cm2, respectively. In contrast, fol¬ 

lowing incubation at 37°C for 10 minutes, leukocytes 

release 8% and 22% of 8-glucuronidase. This study shows 

an inhibition of shear-induced enzyme release that is not 

as dramatic as that of Mclntire et al.; nevertheless, a 

statistically significant decrease of approximately 75% 

of the shear-induced release of untreated leukocytes is 

observed after shearing the pretreated suspensions. 

Pretreatment of leukocytes with 3 pM PGEi + 100 pM 

RA-233 was investigated in order to make this study more 
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analogous to the study performed with platelets (51, 67). 

Hardwick has demonstrated that the degree of inhibition of 

platelet aggregation is dependent on the concentration of 

the phosphodiesterase inhibitor, specifically theophylline. 

Platelet aggregations performed in this study show a sig¬ 

nificantly greater inhibition with PGEi + 100 yM RA-233 

than observed with PGEi + 1 yM RA-233. However, no dif¬ 

ferences between the two pretreatments with leukocytes 

upon application of shear stress was observed. 

Although PGEi and PGI2 have been known to increase 

cAMP levels in platelets by activating adenyl cyclase, 

effects on PMNs have not been extensively studied. Re¬ 

cently, Smolen et al. (78) have shown that after leuko¬ 

cytes are pretreated with PGEi or PGI2, small elevations 

of intracellular cAMP are observed. However, even though 

the cAMP elevations always precede the onset of lysosomal 

enzyme release and superoxide generation they can be 

uncoupled from the latter events. In addition, Tse et al. 

(80) have demonstrated decreases in random PMN leukocyte 

motility by either addition of cAMP or phosphodiesterase 

inhibitors. 

A possible mechanism of the inhibition by PGEi + 

RA-233 on shear-induced enzyme released is the elevation 

of intracellular cAMP by adenyl cyclase stimulation poten¬ 

tiated by phosphodiesterase inhibition. 
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2. PGEj + Theophylline 

Both RA-233 and theophylline are known to be phos¬ 

phodiesterase inhibitors (23, 32). PGEj + theophylline 

was investigated for two reasons. First, since RA-233 

appeared to act as a potentiator of PGEj in terms of 

inhibiting platelet aggregation, it was necessary to com¬ 

pare it with the effects of a more commonly used phospho¬ 

diesterase inhibitor such as theophylline (23, 24, 31, 32). 

Second, Hardwick et al. (67) observed effects of 1 iM PGEj 

+ 100 /iM theophylline on platelets undergoing mechanical 

trauma. Therefore, comparisons between this drug treat¬ 

ment on shear-induced effects of platelets and leukocytes 

were sought. 

While platelets pretreated with PGEi + theophyl¬ 

line show a reduction in aggregation response to shear 

stress, platelet lysis and serotonin release are increased 

relative to untreated, sheared platelets. These releases 

occur at shear stresses approximately equal to or greater 

than 100 dynes/cm2. In addition, cell loss is increased 

at these shear stresses following pretreatment of the 

drugs. 

Pretreatment of leukocytes with PGEj+theophylline 

reduces.cell lysis, cell loss, and granule release to the 

same degree as PGEj + RA-233. This implies that although 

PGEi + theophylline increase platelet fragility, this 
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combination stabilizes the PMN membrane exposed to shear 

stress. 

3. PGEj + RA-8 

The effects of PGEi + RA-8 on PMN response to 

shear stress were investigated to ascertain whether or 

not dipyridamole acts as a phosphodiesterase inhibitor in 

comparison to RA-233 and theophylline. However, PMNs 

incubated with PGEi + RA-8 and exposed to shear 

stress release approximately 50% of 6-glucuronidase and 

LDH released by sheared unincubated cells. This is a 

significant difference when compared to PGEi + RA-233. 

In addition, incubation with dipyridamole produced approx¬ 

imately 69% of the sheared untreated PMN release of 

6-glucuronidase and LDH, whereas PGEi-pretreatment pro¬ 

duced only 86% of the control cells' enzyme release. 

These results imply that dipyridamole stabilizes the PMN 

against mechanical trauma by a mechanism in addition to 

inhibition of phosphodiestrase. It has been observed 

that dipyridamole inhibits the biosynthesis of thromboxane 

A2 (42, 45-47). Furthermore, Goldstein et al. (80) have 

shown that PMN leukocytes generate and release thromboxane 

A2 in addition to the lysosomal enzymes. If thromboxane 

synthetase and/or thromboxane A2 were components of a 

cascade mechanism of granule release, dipyridamole could 
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possibly block release by interrupting that cascade. How¬ 

ever, this cannot explain the membrane stabilization 

against shear-induced lysis. 

4. PGI2 + RA-233 

Hardwick (51) has shown that pretreatment of 

platelets with 1 * 10“8 yM PGI2 + 500 yM theophylline 

pretreatment qualitatively agree with the results of pre¬ 

treatment with 1 yM PGEi + 100 yM theophylline. Results 

of pretreatment of PMNs with 3 yM PGI2 + 100 yM RA-233 

in this study are inconclusive. PGI2 is unstable and 

its activity has been observed to disappear within 10 

minutes at 22°C at neutral pH. Since incubations were 

carried out in PBS, pH 6.9, at 23°C for 30 minutes, PGI2 

was possibly inactivated. 

The results indicate that RA-233 acts only as a ’ 

potentiator of the effects of the prostaglandins; unlike 

RA-8, RA-233 most probably possesses no leukocyte stabiliz¬ 

ing activity by itself. 

C. Future Studies 

Each of the antiplatelet agents used in this in¬ 

vestigation elevates the cAMP level within the platelet. 

Furthermore, leukocytes pretreated with PGEj or PGI2 show 
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increases in cAMP (78). These observations in addition to 

the studies reported in this text necessitate the investi¬ 

gation of the effects of cAMP on leukocytes exposed to 

shear stress. PMN leukocytes either untreated or pre¬ 

treated with the antiplatelet agents used in this study 

could be assayed for intracellular cAMP levels before and 

after exposure to shear stress. Also, PMNs could be pre¬ 

treated with dibutyryl cAMP and sheared to ascertain 

whether or not cell stabilization is directly associated 

with intracellular levels of cAMP. Since cAMP levels 

within the PMNs have been observed to increase with the 

inhibition of microtubule assembly (82-84), other micro¬ 

tubule inhibitory drugs such as colchicine could be exam¬ 

ined as potential membrane or cell network stabilizers. 

Further studies of the .effects of dipyridamole 

on PMN response to mechanical trauma could address the 

possible mechanism of membrane stabilization. Adenosine 

uptake by the cell and binding of ADP to the leukocyte 

membrane could be monitored before and after exposure 

to shear stress. Since PMNs have been observed to 

generate and release thromboxane A2 (80) and dipyridamole 

has been observed to inhibit that biosynthesis (42, 45-47), 

another measure of shear-induced effects of leukocytes 

pretreated with dipyridamole could be intracellular 

extracellular levels of thromboxane A2. 



70 

Finally, other methods of PMN isolation need to 

be examined. Trauma induced by hypotonic lysis may either 

be depleting essential constituents in the cell membrane 

or even be causing PMN activation. Ferrante and Thong 

(85) have reported on a modified Ficoll-Hypaque gradient 

(69) which separates mononuclear leukocytes, PMNs, and 

red blood cells with one centrifugation. In addition, 

PMNs could be suspended in a minimal essential medium in 

order to better sustain the isolated cells for the length 

of time required for the shear runs. 



V. SUMMARY 

Polymorphonuclear leukocytes isolated from whole 

blood by dextran sedimentation and ficoll-hypaque gradient 

centrifugation were subjected to shear stresses of 100 and 

300 dynes/cm2 for 10 minutes at 23°C. One objective of 

this study was to ascertain whether mechanical trauma in¬ 

duces lysosomal granule release on nonspecific membrane 

lysis. Another objective was to investigate the effects 

of antiplatelet agents on lysis and the granule release 

responses of PMN leukocytes exposed to mechanical stimuli. 

These antiplatelet agents were known to elevate cAMP levels 

within the platelet and included the following: prostaglan¬ 

din Ei (PGEj), prostaglandin I2 (PGI2), theophylline, RA-233, 

and RA-8 (dipyridamole). 

Observations of PMNs exposed to shear stress 

indicate that shear-induced granule release is associated 

with cell lysis. In other words, mechanical trauma at 

stress levels of 100 dynes/cm2 and greater produces cell 

damage that nonspecifically causes spillage of cellular com¬ 

ponents into the extracellular medium. 

Results of the study of PMNs pretreated with 

PGEj + RA-233 show that these agents in combination signi¬ 

ficantly reduce both lysosomal enzyme release and lysis at 

shear stresses of 300 dynes/cm2 yet cause no effect at 
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100 dynes/cm2. These data suggest that PGEi and a phospho¬ 

diesterase inhibitor, in this case RA-233, tend to stabi¬ 

lize either the membrane or intracellular elements to shear 

stresses. 

Additional evidence to this effect is shown by the 

results of pretreatment with PGEj + theophylline. Incu¬ 

bation of PMNs with PGEj + theophylline produce very 

similar results to PGEi + RA-233 pretreatment. 

Results of the study with PGI2 + RA-233 are incon¬ 

clusive due to the probability that PGI2 was inactivated by 

the incubation conditions. Although PGI2 activity may not 

have been observed, RA-233 in combination with PGI2 pro¬ 

duced no effect on shear-induced enzyme loss and lysis. 

This indicates that RA-233 may act as a phosphodiesterase 

inhibitor and thus only potentiates the effects of PGEj. 

Results of the study involving pretreatment with 

PGEi + RA-8, RA-8 alone, and PGEj alone indicate that dipy¬ 

ridamole used alone enhances PMN stabilization and in 

combination with PGEX produces an additive or synergistic 

effect on PMNs . Furthermore, these results suggest that 

the reduction of shear-induced granule release and lysis 

by dipyridamole alone is due to a mechanism different from 

phosphodiesterase inhibition or even direct cAMP elevation. 
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